We report the enhanced light output power of GaN-based light-emitting diode (LED) by using graphene film as a transparent conducting electrode. Monolayer graphene was synthesized on copper foil by using chemical vapor deposition method and directly transferred onto the GaN-LED as a top electrode. Compared to the conventional LEDs using indium tin oxide (ITO) layer for an electrode material, the light output power of LED with graphene electrode was improved by 25%. This was attributed excellent graphene characteristics of high electrical conductivity, high optical transmittance of nearly 97% over a wide range of infrared, visible, and ultraviolet region and large area uniformity with fewer defects.
Introduction
The development of high-efficiency GaN-based lightemitting diodes (LEDs) is one of the most important issues in the area of solid-state lighting.
1) The reported quantum efficiency of the GaN-based LEDs, which was associated with their internal quantum efficiency and light extraction efficiency is still limited by several factors including high resistivity of p-GaN, high dislocation density, InGaN phase separation, and the loss in the photon escape rate by the total internal reflection of light in LEDs due to the difference of refractive indices between GaN and outer medium. In particular, high resistivity and low carrier mobility of p-GaN led to the current crowding effect under the metal contact area of p-electrode. For this reason, indium tin oxide (ITO) has been widely used as the transparent conducting electrodes (TCE) for LEDs. However, the ITO layer has appeared to be increasingly problematic due to absorption in the ultraviolet region. 2, 3) It is highly desirable to develop an alternative TCE material whose optical and electrical performance are similar to or better than those of ITO but without its drawbacks in short wavelength region.
Graphene, a monolayer planar sheet of sp 2 bonded hexagonal carbon atoms, has been attracting much attention owing to its fascinating physical properties such as quantum electronic transport characteristics, high intrinsic mobility, thermal conductivity, and high optical transmittance. [4] [5] [6] [7] [8] The graphene with superb optical and electrical merits has drawn attention for applications as a TCE material in GaN-based LEDs. Several pioneering works have reported applications of graphene films as a TCE in optoelectronic devices such as organic solar cell, 9) liquid crystal displays, 10) and organic LEDs.
11) Jo et al. 12) introduced multi-layer graphene films as a TCE for the GaN-based LEDs. However, this led to a lower current spreading due to the low quality and nonuniformity of graphene films. As a consequence, the current distribution was crowded near the p-electrode and the performance was poor compared to LED with ITO electrode. The preparation of high quality graphene is the key factor to prevent such a current crowding effect.
In this report, to solve the current crowding effect under p-electrode, high-quality monolayer graphene was synthesized by chemical vapor deposition method and was transferred onto the GaN LED as a top electrode. This led to enhance the light output power of LED by $30%, compared to the conventional ITO-based GaN LED.
Experimental Methods
The GaN-based LEDs were grown on sapphire substrate by metal-organic chemical vapor deposition. LED structure consisted of a Si-doped n-type GaN layer, five-pairs of InGaN/GaN multi-quantum wells (MQW), and a 200-nmthick Mg-doped p-type GaN layer. After the growth of a 25-nm-thick GaN nucleation layer at 530 C on sapphire substrate, a 2-m-thick undoped GaN epilayer and a 2-mthick Si-doped n-type GaN epilayer were grown subsequently at 1040 C. Thereafter, the temperature was gradually decreased to 750 C to grow InGaN/GaN MQWs in N 2 ambient; the MQWs consisted of five pairs of 3-nm-thick InGaN well layers and 12-nm-thick GaN barrier layers. Finally, the Mg-doped p-type GaN epilayer was grown in H 2 ambient at 950
C. High quality monolayer graphene films were synthesized by chemical vapor deposition (CVD) as previously reported. [13] [14] [15] Graphene films grown by CVD on catalytic metal surfaces are notably interesting for the purpose of constructing electrodes, due to the low carbon solubility in most metals, which led to synthesize large-scale, conductive, and transparent graphene films from catalytic reaction that can be transferred onto an arbitrary substrate. A substrate with a 70 m Cu foil was placed in the low pressure CVD chamber of 110 mTorr with H 2 gas flowing of 80 sccm for 2 h and 30 min at 970 C in order to reduce oxide at the surface of the Cu foil and to expand Cu grain size. Then, the synthesis of graphene was carried out at 970 C with a flow rate of 240 sccm of CH 4 and 80 sccm of H 2 for 30 min. To further improve the thickness uniformity of graphene film, the Cu film was cooled down to 700 C with CH 4 and H 2 for competition growth.
15) The CVD-grown graphene film was transferred onto the GaN-based LEDs to form the electrical contact. The graphene film was transferred by the following method using poly(methyl methacrylate) (PMMA). After deposition of PMMA (9% in anisole) on the graphene film using a spin coater, the substrate was baked at 120 C for 20 min. To detach the Cu foil from PMMA on the graphene film, the substrate was floated in Cu etchant for 20 min. The resultant film with PMMA and graphene was transferred to GaN-based LED substrate. To prevent oxidation of GaN-LED and remove the PMMA completely, the substrate was annealed under a gas flow rate (H 2 : Ar ¼ 90 : 10 sccm) for 30 min at 500 C. For the fabrication of the discrete LED device with graphene film (315 Â 315 m 2 ), the patterned region was covered with a protective photoresist as an etchant mask to make mesa region. Then, graphene films were etched by an asher using O 2 plasma and the mesa region was defined by an inductively coupled plasma (ICP) etcher using Cl 2 and BCl 3 gases until n-GaN layer for n-electrode contact was exposed. Finally, Cr (50 nm)/Au (250 nm) metals for the pand the n-electrodes were deposited onto both the graphene films and the n-GaN layer using electron beam evaporator. The peak emission wavelength measured from LEDs with graphene film and ITO layer (250 nm) is 460 nm. Figures 1(a) and 1(b) show the schematic diagram and top-view scanning electron microscope (SEM) image of the LED device with graphene film. For comparison, GaN-LED with ITO electrode was labeled as a conventional LED. Light output power-current-voltage (L-I-V ) and electroluminescence (EL) photography measurements were carried out using the Si photodetector on the probe station.
Results and Discussion
The optical transmittance is important when the top electrode film is used as the TCE in high-efficiency LED because the light extraction efficiency of LEDs is strongly dependent on the transmittance of the TCE. Figure 2(a) shows the transmittance spectra of the graphene film and 250-nm-thick ITO layer as a function of wavelength after transferring on Al 2 O 3 . The transmittance of graphene film was found to be more than 90% at a wavelength of 450 nm, whereas that of ITO is approximate 80%. Unlike the ITO film, which only shows reasonable transmittance for wavelength 400 to 800 nm, graphene film revealed good transmittance throughout the entire range of wavelength including UV region. Figure 2(b) shows an atomic force microscopy (AFM) image of a graphene film transferred on 300 nm SiO 2 /Si. The AFM image reveals that very thin and uniform monolayer graphene film with wrinkles formed for stress minimization. It could originate from the nucleation of defect lines on the step edges between Cu terraces during the CVD growth of graphene on Cu foil.
4) The Raman spectra of graphene film exhibited typical graphene spectra as shown in Fig. 2(c) . The two prominent peaks in the Raman spectra of graphene were observed the G-band, $1584 cm À1 , involving phonons of the doubly degenerated zone center E 2g mode at the À band and 2D band at $2690 cm À1 involving two phonons with opposite momentum in the highest optical branch near the K band of Brillouin zone (A 1 0 symmetry at K). 16 ) Raman spectra show a feature similar to that of monolayer graphene, 2D to G intensity ratio of >1 and symmetric 2D band with a full width at half maximum of 40 cm À1 . Also, the observed intensity of small D peak located at $1350 cm À1 due to first-order zone boundary phonons, indicated low levels of defects, local disordered carbon, wrinkles or edges in graphene film. 17) Figure 3 presents the current-voltage (I-V ) characteristics of a LED with graphene film and conventional ITObased LED. The forward voltages at an input current of 20 mA were found to be $5:87 and $3:4 V for the LED with graphene film and conventional LED, respectively. The operation voltage of a graphene LED is higher compared to conventional LED due to less mature of the ohmic contact and the difference of work function between p-GaN, 5.5-5.9 eV, 18) and graphene film. The work function of graphene (4.4-4.65 eV 19) ) is quite similar to that of ITO and therefore the high forward voltage is attributed to large sheet resistance of graphene compared to ITO that leads to large ohmic drop. This could be improved by tuning the CVD growth conditions of graphene.
Even though the higher operation voltage of the graphene electrode compared to that of the ITO electrode yielded a larger voltage drop across the contact and the graphene electrode, the light output power as a function of injection current of LED with graphene film was higher than that of conventional LED, as shown Fig. 4 . At an operation current of 20 mA, the light output power of graphene film LED was increased by 25%. It can be attributed to potential benefits of graphene electrode of higher optical transmittance. The light output power of LED with graphene electrode begin to show a saturation at early operation current for around 80 mA due to the larger IR drop. observed among luminescent photographs when larger current of greater than 1 mA. Relatively higher EL intensity was observed in LEDs with graphene electrode compared to conventional LEDs at low current of 0.1 mA. The effective emission area was mainly concentrated near p-electrode than other area. But, at the current of 1 mA EL distribution of graphene LEDs was more uniform than that of conventional LEDs. It is well known that the current distribution in the active layer largely influences the luminescence distribution. 20) We believe that hole efficiency injected with entire uniform distribution toward p-GaN surface at the high current is relatively high due to charge carriers in an individual graphene sheet delocalized over the entire sheet which can travel thousands of interatomic distances without scattering. Further efficiency enhancement is expected in GaN-based LED using graphene since more graphene research is currently going along to enhance electrical properties such as control of graphene work function and reduction of sheet resistance.
Conclusions
We demonstrated that the graphene film could be used as transparent and current spreading electrode of GaN-based LEDs. Compared to the LEDs with ITO electrode, the light output power LEDs with graphene film electrode was enhanced by 25%. The enhancement of light output power was attributed excellent graphene characteristics of high optical transmittance of nearly 97% over a wide range of infrared, visible, and ultraviolet region, large area uniformity with fewer defects, and high electrical conductivity. 
